1. INTRODUCTION {#sec1}
===============

Very often, trial and error, together with clinical observations, lead to the development of novel therapeutic agents. This is certainly true in traditional medicine in both Western culture and China. For example, chewing willow bark was known to reduce fever and inflammation at least as long ago as the era of Hippocrates of Cos, around 400 B.C. Today, of course, we know that this effect is due in part to the high concentration of salicins in the bark and now use purified aspirin. However, in addition to salicins, willow bark also contains polyphenols and flavonoids, which have anti-inflammatory properties. Thus, the natural product probably has a much more complex mechanism of action than aspirin alone and is potentially more effective.

Treating diseases with therapeutics having more than one active ingredient is both old, as described above, and modern. Combinations of therapeutic agents are increasingly tested and developed by pharmaceutical companies, especially in diseases such as cancer, where rapidly growing cancer cells with high mutation rates escape the effects of individual compounds \[[@r1]\]. In this review, we propose a multi-faceted mode of action for a novel therapeutic agent containing at least three active ingredients and show how each component contributes to the overall anti-inflammatory and analgesic effects of the biological product, a low molecular weight fraction of commercial human serum albumin referred to as LMWF5A.

Osteoarthritis is a degenerative and inflammatory condition of the joint affecting a very large human population and is manifested by, among other symptoms, progressive loss of articular cartilage. Osteoarthritis of the Knee (OAK) specifically is characterized by the progressive breakdown of articular cartilage and inflammation. The resulting microenvironment and catabolic events overcome the ability of mesenchymal stem cells near articulations to differentiate into chondrocytes which repair cartilage. Recent clinical trials have explored and demonstrated beneficial effects of LMWF5A on patients with OAK \[[@r2]-[@r5]\], particularly those with the most severe grade OAK.

In this review, we describe the various biochemical pathways involving the known components of LMWF5A on multiple cell types and their relevance to the observed clinical effects in patients with severe OAK.

2. HUMAN SERUM ALBUMIN {#sec2}
======================

Human Serum Albumin (HSA) is the most abundant protein in human plasma and serum, with a normal concentration of \~700 micromolar (μM) and a molecular weight of 66 kDa. The molecule exhibits remarkable stability: the result of 17 disulfide linkages as well as pockets of tight binding regions for an array of low molecular weight compounds for which it serves as a carrier, such as long chain fatty acids, bilirubin, and a variety of low molecular weight drugs \[[@r6]\]. HSA has a long clinical history dating at least as far back as 1944, when World War II stimulated research into blood fractionation with the aim of producing a blood substitute that could be available for wounded soldiers on the battlefield \[[@r7]\]. Although primarily administered to restore blood volume in critically ill patients, HSA has seen fluctuations in use over the years \[[@r8]\] and is also recommended for ameliorating outcomes in critically ill patients, especially those with septic shock, Systemic Inflammatory Response Syndrome (SIRS), burns, and severe trauma \[[@r9]\].

3. FORMULATION AND COMPONENTS OF LMWF5A {#sec3}
=======================================

Clinical observations on the apparent anti-inflammatory properties of commercial HSA led to a series of scientific investigations exploring these properties, which resulted in the therapeutic agent referred to here as LMWF5A, the low molecular weight fraction of commercial HSA. To understand the active components of LMWF5A, it is important to review how the commercial HSA solution is produced. A \~96% pure fraction of HSA is obtained from pooled human plasma using a cold ethanol fractionation procedure introduced in the 1940s. Because human plasma can carry viruses, the HSA fraction is pasteurized by heating to 60 °C for 10-11 hours. Prior to pasteurization, two important additions are made to the 5% HSA fraction: 1) Sodium caprylate, also known as sodium octanoate, and 2) N-acetyl-DL-tryptophan, both to 4 mM. Sodium caprylate is known to bind strongly to HSA at multiple sites and stabilizes it from heat denaturation \[[@r10], [@r11]\]. N-acetyl-DL-tryptophan protects HSA protein from oxidative damage and is especially useful in keeping the important cysteine-34 residue in a reduced state during the 60 °C pasteurization \[[@r10]\]. Of note, 50-60 °C is the optimal temperature for an important protein component of commercial HSA solution, dipeptidyl peptidase 4 (DPP-4), which can cleave the two terminal amino acids, aspartate and alanine, from HSA. The resulting dipeptide can be further cyclized to form aspartyl alanyl diketopiperazine (DA-DKP), thus the pasteurization process stimulates the production of DA-DKP from HSA \[[@r12]\]. For reference, DA-DKP concentrations in commercial human 5% serum albumin solutions can range between 50-200 μM.

To produce LMWF5A, pasteurized 5% HSA solution is subjected to tangential flow filtration through Polyvinylidene Difluoride (PVDF) membranes with a 5000-Da molecular weight cutoff, resulting in a low molecular weight solution containing at least 20 different components visualized by mass spectrometry. Three components of LMWF5A that are known to have bioactivity and are reviewed here are DA-DKP, sodium caprylate (octanoate), and N-acetyl-DL-tryptophan.

4. EFFECT OF LMWF5A ON SPECIFIC CELL TYPES (Fig. **[1](#f1){ref-type="fig"}**) {#sec4}
==============================================================================

4.1. Use of Saline as a Control Agent {#sec4.1}
-------------------------------------

All experiments summarized in this review on the effects and mechanisms of action of LMWF5A used normal physiological saline as a control. This is of great significance because most of the clinical trials that have been carried out on the therapeutic effect of LMWF5A in OAK contain a control arm of physiological saline \[[@r2]\]. Moreover, when analgesia in the knee after intra-articular injection is the only criterion on which the clinical results are measured, saline does have some effect. This effect is well known, and we \[[@r13]\] and others \[[@r14]\] have argued that saline is thus a poor control arm for such studies. Therefore, it is important to point out that the mechanisms described here were determined from *in vitro* studies of LMWF5A in which saline was appropriately controlled and cannot be attributable to the analgesic effects of saline observed in the clinic. Furthermore, the described biochemical reactions are elicited by unique drug components and are independent of the formulation buffer. This may help explain why the effect of LMWF5A was markedly better than that of saline when function and quality of life, as well as reduction of pain, were the trial endpoints considered in the most severe cases of OAK \[[@r2], [@r3]\].

4.2. Bone Marrow-derived Mesenchymal Stem Cells {#sec4.2}
-----------------------------------------------

Bone Marrow-derived Mesenchymal Stem Cells (BMMSCs) could provide a source of progenitor cells for chondrocytes and osteocytes in regenerating cartilage and bone in OA joints. As a result, studies were performed to establish if LMWF5A can affect BMMSC *in vitro* function. One of the hallmarks of LMWF5A treatment of BMMSCs is rapid cytoskeletal alterations, including but not limited to the development of filopodia, concomitant with distinct changes in cellular shape. In addition,, LMWF5A has been shown to increase the rate of BMMSC condensation in chondrogenic culture. These findings could be explained by an observed reduction in activated RhoA GTPase in BMMSCs immediately following treatment with LMWF5A. It has been well documented that F-actin organization is intimately associated with small GTPase activity and plays a pivotal role in stem cell differentiation. RhoA helps dictate cell shape and the monomeric status of cellular actin, both of which help drive chondrogenic differentiation through the transcription factor SOX9. Moreover, BMMSCs undergoing chondrogenesis change shape and exhibit decreased RhoA activity. Conversely, when RhoA is overproduced, chondrogenesis is diminished, as reflected in the loss of expression of SOX9 \[[@r15]\].

LMWF5A also affects a variety of mRNAs associated with chondrocyte differentiation and mobilization in the cells. For instance, during TGF-β-induced chondrogenic differentiation of BMMSCs, the mRNA levels of alpha-1 type II collagen, which is cartilage-specific, are increased \~40-fold over the levels in non-differentiating stem cell controls. Adding LMWF5A to the differentiation medium results in a further 4.3-fold increase in alpha-1 type II collagen transcription. LMWF5A also changes the ratio of CXCL12 (also known as SDF-1alpha) mRNA to CXCL12 receptor (also known as CXCR4) mRNA in BMMSCs when grown in 3D culture. Because this pair is known to be involved in attracting stem cells to arthritic lesions and inhibiting breakdown of arthritic tissue, it can be argued that LMWF5A will assist in this process in arthritic tissue as well \[[@r16]\]. In addition, LMWF5A stimulated the binding of 52 known transcription factors to their cognate DNA sequence binding sites at least 2-fold, five of which were stimulated more than 10-fold and AP-2 was stimulated more than 80-fold. Phosphorylation of the PRAS40 transcription factor at threonine-246 was stimulated more than 2-fold after LMWF5A treatment. Phosphorylation at this residue releases mTORC1from the inhibitory constraints of PRAS40, effectively increasing mRNA transcription through ribosomal protein S6 kinase \[[@r17]\]. This result is also significant because increased mTORC1 complex activity promotes stem cell survival, allowing them to grow and differentiate \[[@r18]\].

BMMSCs have been used as a treatment for OAK, and preliminary results have been encouraging but not conclusive \[[@r19]\]. Based on these findings, we hypothesized that intra-articular injection of LMWF5A could help mobilize BMMSCs into the joint, as well as increase the chondrogenic potential of resident and arriving cells.

4.3. Monocytic Cell Lines {#sec4.3}
-------------------------

Pathogen-Associated Molecular Patterns (PAMPs) are well-studied responses to infectious agents that trigger both the innate and adaptive immune systems. In an analogous manner, trauma, SIRS, and degenerative diseases such as OA lead to the release of Damage-Associated Molecular Patterns (DAMPs) from necrotic and dying cells. Although the DAMP response shows initial differences from the PAMP response, the responses to PAMPs and DAMPs quickly converge and equally stimulate both the innate and adaptive immune systems. Monocyte mobilization and maturation into macrophages is an early response to the signals arriving from damaged tissue (reviewed in \[[@r20]\]). Monocytes can give rise to two types of macrophages: pro-inflammatory and healing/anti-inflammatory \[[@r20], [@r21]\]. As a result, the polarization status of macrophages is thought to help orchestrate the course of the inflammatory response as well as the subsequent repair activities after tissue injury.

Because it is present in large concentrations (4 mM) in 5% commercial HSA solutions, an obvious active ingredient candidate in LMWF5A is NAT. This hypothesis is based on the documented biological activities of metabolites of the amino acid tryptophan. The oxidation of tryptophan is a complex metabolic pathway that results in the production of kynurenine (KYN) and associated biologically active molecules \[[@r22]\]. It has been suggested that tryptophan metabolites act *via* the Aryl hydrocarbon Receptor (AhR), which upon activation, increases the ratio between regulatory T cells (Treg) and T helper 17 cells (Th17), thereby modulating the immune response \[[@r23]\]. Interestingly, the tryptophan metabolites kynurenine and kynurenic acid are potent AhR agonists \[[@r24]\]. This interaction between kynurenine-like molecules and AhR is capable of generating immunosuppressive T cells \[[@r25]\]. Finally, various studies have suggested that AhR activation regulates immune responses via interaction with key components of nuclear factor-κB (NF-κB), an important promoter of inflammation \[[@r26], [@r27]\].

Because macrophages have a moderate to high expression level of AhR \[[@r28]\], we developed a cell culture model to study the anti-inflammatory effect of LMWF5A and NAT metabolic products on macrophages. Human monocytic THP-1 cells were differentiated with phorbol 12 myristate 13 acetate (PMA), which has been shown to induce all the characteristics of macrophages \[[@r29]\], then stimulated overnight with Lipopolysaccharide (LPS) in the presence of LMWF5A. In this cell culture model, LMWF5A treatment induced large decreases in the pro-inflammatory cytokines IL-6, IL-12, and CXCL-10 and increased the production of IL-10 when LPS was included \[[@r30]\]. To further elucidate potential mechanisms of action, differentiated THP-1 cells were pre-treated with 2-fold dilutions of LMWF5A or a synthetic NAT metabolite (N-acetyl kynurenine, NAK) with or without an AhR antagonist (CH223191) prior toLPS stimulation. Treatment with LMWF5A caused a 50-70% decrease in IL-6 release throughout the dilution series. A dose-response inhibition of IL-6 release was observed for NAK, with maximal inhibition (50%) seen at the highest NAK concentration. Finally, an AhR antagonist partially blocked the anti-inflammatory effect of LMWF5A while completely blocking the effect of NAK. A similar inhibitory effect was observed for CXCL-10, but the AhR antagonist was not effective suggesting additional mechanisms for CXCL-10 release. These findings suggest that LMWF5A and NAK partially promote the suppression of activated macrophages via the AhR receptor.

These findings were substantiated using another monocytic cell line, U937. PMA-primed U937 cells exhibited dose-dependent reductions in LPS-induced IL-6 release (up to 80% inhibitions observed) when treated with LMWF5A. As with THP-1 cells, this response was AhR-dependent. Conversely, 30-40% increases in LPS-induced IL-10 release are observed in the presence of LMWF5A with these cells (unpublished data).

This is an important finding because LMWF5A caused a significant decrease in the release of pro-inflammatory biomarkers associated with the activation of the M1 macrophage phenotype with a concomitant significant increase in IL-10 release, a marker of M2 macrophage activation. These *in vitro* results suggest that these properties of LMWF5A are partially due to the inhibition of M1 macrophages and potential activation of an anti-inflammatory macrophage phenotype (M2) leading to pain relief, wound healing, and tissue remodeling.

4.4. Chondrocytes {#sec4.4}
-----------------

OAK is characterized by the progressive breakdown of articular cartilage, and chondrocytes are the major cellular component of cartilage \[[@r31]\]. Residing within OAK cartilage, two dysfunctional chondrocyte phenotypes observed are 1) chondrocytes undergoing apoptosis, which contributes to the hypocellularity of OA cartilage and its inability to regenerate, and 2) fibroblast-like chondrocytes (OA-FLCs), which no longer express structural proteins required for cartilage maintenance and function \[[@r32]-[@r34]\]. One of the structural proteins required for cartilage function is collagen type II, the expression of which is progressively lost, and the cells de-differentiate into OA-FLCs displaying fibroblast characteristics within OA cartilage \[[@r32], [@r34]\]. Interestingly, primary human chondrocytes when grown in monolayer culture begin to lose collagen type II expression, becoming more fibrotic, similar to the OA-FLCs observed in OA cartilage. Remarkably, *in vitro* derived OA-FLCs can revert to their normal phenotype when grown in solid media such as 0.5% low melting temperature agarose gels \[[@r35]\]. For our experiments, we derived *in vitro* OA-FLCs by passaging primary human OA chondrocytes 9-13 times, during which they lost expression of chondrogenic genes, thus becoming OA-FLC cells. As mentioned above, we have previously shown that in human mesenchymal stem cells grown in chondrogenic differentiation conditions, LMWF5A enhances expression of the collagen type II α 1 chain (*Col2a1*) gene \[[@r16]\], which encodes collagen type II \[[@r36]\]. The promoter of *Col2a1* is directly regulated by the transcription factor SOX9 (SRY-box 9). Along with other functions, SOX9 is required for chondrogenesis during embryonic development, is maintained in adult articular chondrocytes, and promotes chondrocyte cell survival \[[@r37]\]. We have shown that LMWF5A upregulates SOX9 expression, re-differentiating OA-FLCs into functional chondrocytes, resulting in increased collagen type II expression and resistance to apoptosis \[[@r38]\].

4.5. Peripheral Blood Mononuclear Cells {#sec4.5}
---------------------------------------

Some of the earliest experiments on the mechanisms of action of LMWF5A and its known active components were performed on Peripheral Blood Mononuclear Cells (PBMCs). PBMCs are a quickly purified fraction of whole blood containing primarily T-cell lymphocytes (CD3^+^), B-cell lymphocytes (CD20^+^), monocytes (CD14^+^), and natural killer (NK) cells (CD56^+^). PBMCs, as well as T-cell lines growing in culture, can be stimulated through the T-cell complex to secrete the inflammatory cytokines interferon-gamma and TNF-alpha. LMWF5A significantly inhibits the secretion of these two cytokines from PBMCs, and this inhibitory property has been shown to partially reside in the DA-DKP component of LMWF5A \[[@r39]\]. In a further study of this phenomenon, DA-DKP was demonstrated to increase the levels of the GTPase Rap1 in these cells, which in turn decreases the phosphorylation of the transcription factors ATF-2 and c-Jun and the subsequent production of interferon-gamma and TNF-alpha \[[@r40]\]. More recently, these experiments were extended to show that LMWF5A containing a similar concentration of DA-DKP to that used above increases the production of the anti-inflammatory cytokine IL-10 while inhibiting pro-inflammatory cytokines. Similar results were observed when a cloned T-cell line was used instead of fresh PBMCs.

Further recent probing of this system led to another exciting discovery regarding the anti-inflammatory properties of LMWF5A in PBMCs. One of the earliest responses to stimulation of the innate immune system is the activation of phospholipase A2 (PLA2), which cleaves cellular membranes and liberates arachidonic acid. PLA2 also stimulates synthesis of cyclooxygenases-1 and -2 (COX-1 and COX-2). COX-2 catalyzes the transformation of arachidonic acid into prostaglandin H~2~. Prostaglandin H~2~ is the precursor to prostaglandin E~2~ and, in a complex series of steps, the anti-inflammatory prostaglandins J~2~, D2, and 15d-PGJ2 (Fig. **[2](#f2){ref-type="fig"}**).

During induced inflammatory responses, COX-2--dependent synthesis of prostaglandin E~2~ takes place immediately and then diminishes by 48 hours after the initial insult. A switch then occurs as the activity of the enzyme catalyzing PGE~2~ synthesis, microsomal prostaglandin E synthase (mPGES-1), is replaced by the activity of PGD synthase, which (still in a COX-2--dependent fashion) catalyzes the synthesis of PGD~2~, which in turn is catalyzed into the anti-inflammatory prostaglandin 15d-PGJ~2~ and others (for a review, see \[[@r41]\]). This same pathway has been shown to exist in chondrocytes and synoviocytes from OA patients \[[@r42]-[@r44]\]. LMWF5A was demonstrated to act differently on the COX2 and prostaglandin pathway than Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) like ibuprofen and the steroid dexamethasone in LPS-treated PBMCs. Each of these anti-inflammatory agents showed a distinct pattern of inhibitory and stimulatory behavior with respect to TNF-alpha, COX-2, and the tested prostaglandins, but the most striking result was that only LMWF5A stimulated the release of the anti-inflammatory prostaglandin 15d-PGJ~2~ \[[@r45]\] (Fig. **[3](#f3){ref-type="fig"}**).

4.6. Fibroblast-Like Synoviocytes {#sec4.6}
---------------------------------

Further validation of this mechanism of action comes from experiments performed on fibroblast-like synoviocytes cultured from OA patients. The synovial membrane and synovial fluid participate in the inflammatory process during both early and advanced OAK (and presumably other joints). Synovial fluid contains inflammatory cytokines as well as inflammatory cells, and fibroblast-like synoviocytes isolated from OA patients are targets of the DAMP system to secrete such cytokines \[[@r46], [@r47]\]. As in PBMCs, LMWF5A stimulates the production of both COX-2 and prostaglandin E~2~ when fibroblast-like synoviocytes are challenged with IL1-beta and, especially, TNF-alpha; more significantly, LMWF5A increases release of the anti-inflammatory prostaglandin PGD~2~, especially in response to TNF-alpha stimulation \[[@r48]\].

In addition, LMWF5A has been shown in synoviocytes and chondrocytes to increase the expression of miR146a and miR200b (unpublished data), two microRNAs that are known to downregulate proteins involved in the inflammatory response \[[@r49], [@r50]\]. The increased expression of these microRNAs may contribute to the overall anti-inflammatory action of LMWF5A.

4.7. Human Endothelial Cells {#sec4.7}
----------------------------

The vascular endothelium provides an essential barrier function and regulation is a critical event in the inflammatory response \[[@r51]\]. To determine if LMWF5A and/or its components can alter endothelial function, *in vitro* permeability models were employed. Our findings suggest that endothelial cells treated with LMWF5A exhibited reduced macromolecular permeability and increased trans-endothelial resistance \[[@r52]\].

Vascular permeability is intimately associated with changes in the endothelial cell cytoskeleton \[[@r53]\]. Treatment of endothelial cells in culture with LMWF5A induces a rapid, calcium-dependent acetylation of alpha-tubulin and a concomitant decrease in macromolecular permeability \[[@r54]\]. Endothelial permeability depends on the polymerization state of microtubules, which are composed of tubulin. Permeability can be affected by other microtubule-associated proteins, which in turn affect the polymerization state of tubulin \[[@r52]\]. Destabilization of microtubules with nocodazole and vinblastine increases permeability through Rho GTPase activation \[[@r55]\]. Conversely, stabilization of the microtubule with paclitaxel increases the acetylation of tubulin and decreases permeability \[[@r52]\].

In addition to microtubule changes, the LMWF5A component DA-DKP exhibits a capacity as well to alter the actin cytoskeleton. When exposed to 100 µM final concentrations of DA-DKP for one-hour, endothelial cells displayed increased cortical actin rearrangements as detected by fluorescently conjugated phalloidin (unpublished findings). Furthermore, increased trans-endothelial cell resistance was also observed under similar culture conditions.

Based on our finding that DA-DKP upregulates intracellular levels of active GTP-bound RAP-1 in T-cells, we hypothesized that DA-DKP functions, in part, through exchange protein directly activated by cAMP or EPAC. This protein is one of the primary guanine nucleotide exchange factors for RAP-1 and has been found to regulate endothelial cell function through VE-cadherin and actin remodeling events \[[@r56]\]. To establish this, siRNA EPAC1 knockdown was performed on these cells and reduction in protein translation was confirmed by western blot analysis of total cellular protein extracts. Preliminary findings indicate that loss of EPAC attenuates DA-DKP-induced cortical actin rearrangements and DA-DKP-induced increases in trans-endothelial resistance. Interestingly, studies suggest that EPAC1 colocalizes with microtubules and its activation plays a role in endothelial microtubule dynamics \[[@r57]\]. Furthermore, EPAC/RAP activation can enhance endothelial barrier function by increasing cortical actin and down regulating Rho GTPase, implying that cross-talk exists between these pathways.

5. LMWF5A'S MECHANISMS OF ACTION INTEGRATE ALONG MULTIPLE PATHWAYS (Fig. **[4](#f4){ref-type="fig"}**) {#sec5}
======================================================================================================

Many of the mechanisms of action in the specific cell types noted above have been demonstrated in more than one cell type. Thus, we now examine the global effect of LMWF5A on various pathways to understand how it contributes to pain relief and healing in OAK, as well as to consider the potential of this therapeutic for the more acute problems of trauma, SIRS, and sepsis. All *in vitro* effects of LMWF5A found to date can be interpreted as causes of the known clinical findings measured after LMWF5A injection into OA knee joints, including pain relief, increased mobility, and improved global self-assessment \[[@r2], [@r4], [@r5]\]. In essence, the downstream effects of the pathways described below can be summarized as 1) Modification of the inflammatory response and 2) Promotion of healing of inflamed tissue. The question of whether LMWF5A causes reversal of the cartilage destruction that characterizes severe OAK has not been definitively answered, but we also discuss results relevant to this issue below.

5.1. mTOR Pathway {#sec5.1}
-----------------

BMMSCs differentiate into chondrocytes after activation of the mTOR pathway \[[@r58]\]. This is, in part, a consequence of Akt phosphorylation, which leads to the phosphorylation of PRAS40, an inhibitor of mTORC1, resulting in the dissociation of PRAS40 from the mTORC1 complex, allowing mTOR to stimulate stem cell differentiation. Chondrocyte formation, as opposed to the formation of other differentiated cell types, depends on other factors \[[@r59]\]. LMWF5A promotes PRAS40 phosphorylation and a subsequent increase in the levels of many mRNAs, most significantly collagen type II \[[@r16]\]. Therefore, LMWF5A stimulates what appears to be the beginning of chondrocyte differentiation.

Stimulation of mTOR activity *via* PRAS40 siRNA knockdown in human amniotic fluid stem cells leads to apoptosis of the outer cells in a three-dimensional embryonic bud but leaves the inner cells intact to differentiate \[[@r18]\]. This result is not seen when these stem cells are grown in two-dimensional monolayers. An important difference between this siRNA knockdown experiment and the increased phosphorylation of PRAS40 activity caused by LMWF5A is that in the latter, phosphorylated PRAS40, now dissociated from the mTORC1 complex, can bind to any of seven human 14-3-3 proteins and may play an additional role in chondrogenesis \[[@r17]\]. It has been suggested in the literature that the changes in actin polymerization seen during the differentiation of BMMSCs (and other cell types) are a result of the activation of this same Akt pathway \[[@r60]\].

5.2. COX-2 Pathway {#sec5.2}
------------------

The production of both prostaglandin E~2~ and prostaglandin J~2~ depend on COX-2 pathway activation \[[@r61], [@r62]\]. Osteoarthritic chondrocyte death induced by NO depends on the COX-2--dependent production of PGE~2~ \[[@r63]\]. Under pro-inflammatory conditions in fibroblast-like synoviocytes from OA patients, LMWF5A increases COX-2 mRNA production. However, the production of prostaglandin E~2~ was significantly increased in TNF-alpha--stimulated cells but not IL1-beta--stimulated cells. Nonetheless, the release of the anti-inflammatory prostaglandin D~2~ was increased after stimulation by both inducers of inflammation \[[@r48]\]. These results suggest that LMWF5A would also induce anti-inflammatory prostaglandins in closely related cells, such as stem cells in the knee joint \[[@r64]\].

Recent advances have shed new light on the role of prostaglandins, and in particular PGE~2~, in inflammation and healing. While traditionally viewed as a pro-inflammatory molecule, PGE~2~ appears to exhibit a broad range of contextual effects on the progression and resolution of the inflammatory response. Studies suggest that PGE~2~ exerts a phase of post-inflammation immune suppression and tolerance that could reduce auto-immune tissue damage \[[@r65]\]. In addition, M2 or anti-inflammatory macrophage polarization can be induced by PGE~2~ though cAMP-dependent pathways \[[@r66]\]. Of note, hybrid M1/2 subsets of macrophages have been identified, deemed resolution phase macrophages, that express high levels of COX2 that may signal post resolution lymphocyte repopulation \[[@r67]\]. PGE~2~ can also promote the migration and homing of mesenchymal stem cells, potentially through the upregulation of CXCR4 \[[@r68], [@r69]\]. Furthermore, in mouse models, PGE~2~ deficiency exacerbates collagen-induced arthritis \[[@r70]\]. Interestingly, both mesenchymal stem cells and myeloid-derived suppressor cells mediate immune suppression by COX2/PGE~2~ as well as tryptophan metabolism \[[@r71]\]. Taken together, PGE~2~ and other eicosanoid species provide immune direction response across all phases of the response.

5.3. CD36 Pathway {#sec5.3}
-----------------

More recently, it has become clear that LMWF5A may exert some of its actions through the CD36 pathway. CD36 is a membrane-bound protein, also commonly known as Fatty Acid Translocase (FAT), thrombospondin receptor for thrombospondin-1, platelet glycoprotein 4, and scavenger receptor class B member 3 (SCARB3). CD36 is present on many cell types and binds many ligands, of which oxidized LDL and octanoate anion are relevant here. CD36 signaling is involved in a variety of diseases as well as in different cellular processes, such as angiogenesis and apoptosis. The foci for the mode of action of LMWF5A with respect to this pathway are primarily (1) CD36 signaling in macrophages (and their precursor monocytes) and chondrocytes and (2) the effect of octanoate on CD36 receptor activity and downstream signaling (Fig. **[1](#f1){ref-type="fig"}**).

CD36, as the fatty acid translocase, binds octanoate and transmits stress to the endoplasmic reticulum system \[[@r72], [@r73]\]. Oxidized LDL, a product of reactive oxygenated species (which are known to be associated with OAK), also reacts with CD36 in its role as a scavenger receptor. The outcomes of these reactions are similar, if not identical. These signals lead to the liberation of intracellular stores of calcium ions and a change in calcium flux into cells. This, in turn, leads to the liberation of arachidonic acid by the action of phospholipase A2, which feeds into the COX-2 pathway, and the release of prostaglandins, particularly prostaglandin E~2~ as an immediate response \[[@r74]\].

Research of cardiovascular and metabolic diseases has unveiled large differences between males and females in CD36 mRNA (both in rats and humans) and CD36 protein (in rats). For example, females show more than double the levels of human CD36 mRNA than males \[[@r75]\]. In our experiments on fibroblast-like synoviocytes from OA patients, we confirmed this finding and showed that LMWF5A inhibits the amount of CD36 mRNA produced after inducing inflammation with IL1-beta Decreasing CD36 expression after inflammation is expected to be anti-inflammatory, as CD36 increases lead to, among other things, the inhibition of macrophages' ability to phagocytose cellular debris. Thus, LMWF5A should help macrophages fight inflammatory responses \[[@r76]\].

We emphasize here that the mTOR pathway, COX-2 pathway, and CD36 pathway (probably through its action on COX-2 stimulation) all contribute to the important anti-apoptotic effects of LMWF5A that we observed on mesenchymal stem cells and chondrocytes. This overlapping of effects is seen even more strongly when we examine the effect of each of the three known components of LMFW5A on the inflammatory response and healing action in OA and other inflammatory diseases.

5.4. Effects of LMWF5A's Components on Inflammatory Responses and Healing {#sec5.4}
-------------------------------------------------------------------------

Not every effect of LMWF5A on every cell type can be definitively attributed to one of its three major components, but some experimental outcomes do seem to be primarily attributable to one specific component. For example, the action of DA-DKP seems to be sufficient to suppress TNF-alpha and IFN-gamma in LPS-stimulated PBMCs and T cells, and tryptophan derivatives were explicitly tested and found to have no capacity to inhibit these two inflammatory cytokines \[[@r39]\]. Moreover, DA-DKP and tryptophan metabolites seem to be the component that stimulates the production of the cytokines IL-8 and migration inhibitory factor (MIF) in the human macrophage cell line THP-1. The effect of sodium caprylate (octanoate) in macrophages, monocytes, chondrocytes, and synoviocytes is also clear: it binds to and stimulates CD36, which leads to the release of first pro-inflammatory and then anti-inflammatory prostaglandins. Other ligands (such as oxidized LDL) may contribute to CD36 engagement, and clearly other components of LMWF5A also contribute to the synthesis of anti-inflammatory cytokines and prostaglandins, but the partial role of sodium caprylate in this pathway is undisputed. We show the known and supposed roles of the three known components of LMWF5A determined by our experimental findings to date (Fig. **[1](#f1){ref-type="fig"}**).

5.5. LMWF5A as a Disease-modifying Therapeutic {#sec5.5}
----------------------------------------------

One important measure of a therapeutic agent is whether treatment is disease-modifying, that is whether the therapeutic agent simply relieves symptoms of a disease or actually changes the course of the disease to make it less harmful to the patient. Classic examples of disease-modifying drugs have been especially well characterized for rheumatoid arthritis and are termed DMARDs \[[@r77]\]. Analogous drugs for OAK are under investigation, and their potential use is being contemplated \[[@r78]\]. In presenting the effects and mechanisms of action of LMWF5A above, we emphasized those results that provide strong suggestive evidence for LMWF5A as a disease-modifying drug. These results reflect anti-inflammatory and cellular effects that have implications for the use of LMWF5A, not only in OAK, but also potentially in critical care diseases, such as sepsis and SIRS.

The concept of a disease-modifying drug for OAK is regulatory rather than medical in nature. Because of the success of DMARDs for rheumatoid arthritis, the same idea has been extended to therapeutics for a variety of chronic, debilitating diseases. Both the FDA in the US and the EMA in Europe have written draft guidelines for the properties required to attain disease-modifying drug status for OA therapeutics \[[@r79], [@r80]\]. Such classification requires evidence of reversing or dramatically slowing the disease process rather than simply showing symptomatic relief \[[@r81]\]. Although there is no definitive proof that LMWF5A is a disease-modifying OA drug (DMOAD), there are a variety of findings suggesting this possibility.

First, because LMWF5A has at least three active components that combat the inflammatory pathways seen in OA, the *a priori* possibility of it being a disease-modifying drug is higher than if it were a single-component therapeutic. This is somewhat analogous to the example given in the introduction, where we suggested that the multiple-component willow bark is likely a better anti-inflammatory agent than the single-component aspirin. In support of the potential DMOAD status of LMWF5A are results from three different fields: cell biology experiments, radiological examination, and clinical outcomes.

Osteoarthritis results from the destruction of cartilage, overcoming the ability of mesenchymal stem cells near articulations to differentiate into chondrocytes and synoviocytes, which make normal cartilage and synovium. As described above, LMWF5A stimulates BMMSCs to differentiate into apparent chondrocytes that show many of the hallmarks of normal cartilaginous cells \[[@r16]\]. Although this does not definitively show that the kinetics of such regeneration *in vivo* would be sufficient to overcome the destructive process, it is evidence to support the likelihood that LMWF5A is a DMOAD.

The STRUT study was a phase II investigation of the efficacy and safety of three intra-articular injections of LMWF5A or saline in patients with OAK. Pain relief was reported in the two groups (N=40) at 20 weeks after the first injection \[[@r82]\]. Although it was not reported with the 20-week results, MRI data were also taken at baseline and 52 weeks after the first injection. Because OAK is frequently a local disease \[[@r83], [@r84]\], the MRI measurements were taken from patients with a medial lesion (n=10), a lateral lesion (n=10), or no area of denuded cartilage or symmetrical (medial and lateral) lesions. Changes in cartilage thickness were measured across six anatomically defined sub-regions, with patients with medial disease and lateral disease examined in six distinct sub-regions. Among patients with medial disease, those treated with LMWF5A had less cartilage-thickness loss than those treated with saline in all six medial sub-regions. The mean cartilage loss for the medial lesions was 3 µm for those treated with LMWF5A and 34 µm for those treated with saline. Among patients with lateral lesions, those treated with LMWF5A had less cartilage loss than those treated with saline in five of the six measured sub-regions. Only patients treated with LMWF5A had increases in cartilage thickness in two of the six lateral sub-regions. These findings support the possibility that LMWF5A is a DMOAD by slowing or preventing further cartilage destruction.

Finally, an IRB-approved follow up to the STRUT (AP007) study was carried out \~3.5 years after the completion of the initial STRUT study. Using a telephone questionnaire, patients who had been given three biweekly intra-articular injections of either LMWF5A or saline 3.5 years previously as part of STRUT were asked whether they had undergone a Total Knee Replacement (TKR) since that time. Delaying TKR would be considered positive evidence for LMWF5A acting as a DMOAD. Fifteen of the 39 respondents had undergone TKR. Among the 16 patients with the most severe OAK (Kellgren-Lawrence (KL) score of 4), 40% of those treated with LMWF5A had undergone TKR, whereas 83% of those treated with saline had undergone TKR \[[@r4], [@r5], [@r85]\]. This type of study should be repeated with a larger sample size, but the existing data are highly suggestive of LMWF5A being a DMOAD. Clinical trial results were published separately and are supported by the *in vitro* MOAs described in this review.

CONCLUSION
==========

Upregulation of beneficial prostaglandins in healing and resolution of inflammation, activation of the AhR receptor through the kynurenine pathway, partial activation of CD36, activation of mTORC1, upregulation of transcription factors involved in chondrogenesis, and cytoskeleton changes associated with an increased endothelial cell barrier and with stem cell migration and differentiation are demonstrated by the effects of LMWF5A on various cell lines represented in the human joint. LMWF5A appears to have biological activities through numerous molecular pathways and is a promising drug for the treatment of osteoarthritis.
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MIF

:   Migratory Inhibitory Factor

MOA
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:   Nuclear Factor-κB
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OAK
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![Effects of LMWF5A on various cell lines. PBMC, peripheral blood monocytic cell; HEK, human embryonic kidney cell.](CRR-15-189-f1){#f1}

![Prostaglandin synthesis pathways. Following the activation of PLA2 by pro-inflammatory cytokines, arachidonic acid is liberated from cellular membranes. COX-1 and COX-2 convert arachidonic acid to the unstable prostaglandin PGH~2~. PGH~2~ can be converted to the pro-inflammatory prostaglandin PGE~2~ by mPGES-1 or converted to PGD~2~, a prostaglandin with well-known anti-inflammatory effects. These effects are mostly due to further non-enzymatic conversions of PGD~2~ to PGJ~2~ and then 15d-PGJ~2~. Intriguingly, PGJ~2~ can also convert to Δ12-PGJ~2~ in the presence of albumin.](CRR-15-189-f2){#f2}

![Combined release data for TNFα, PGE~2~, and 15d-PGJ~2~ are presented as mean ± SD after repeating the experiment on 3 different occasions. \* = p \< 0.05 versus saline control. LPS, lipopolysaccharide; IBU, ibuprofen; DEX, dexamethasone; MIF, mifepristone.](CRR-15-189-f3){#f3}

![Effects of various stimuli and LMWF5A on inflammation. Endoplasmic Reticulum (ER) stress causes the release of intracellular calcium, which in turn localizes and activates cytoplasmic phospholipase A2 (cPLA2) to the plasma membrane, liberating arachidonic acid (AA) which is a substrate for COX-2 (cyclooxygenase-2) to form the precursor prostaglandin PGH~2~ and, through enzymatic steps, PGE~2~ and PGD~2~ and their metabolites. PGE~2~ induces indoleamine 2,3-dioxygenase (IDO), which is involved in the kynurenine pathway, to form N-Acetyl Kyneurenine (NAK) from N-acetyl Tryptophan (NAT), transforming into kynurenic acid through the action of Kynurenine Amino Transferase (KAT). AhR, aryl hydrocarbon receptor; NMDA, N methyl-D- aspartate.](CRR-15-189-f4){#f4}
